AD

Award Number: DAMD17-01-1-0231

TITLE: Regulation of Cdc42/Rac Signaling in the Establishment of
Cell Polarity and Control of Cell Motility

PRINCIPAL INVESTIGATOR: Javier E. Irazqui
Daniel J. Lew

CONTRACTING ORGANIZATION: Duke University Medical Center
Durham, North Carolina 27710

REPORT DATE: August 2002

TYPE OF REPORT: Annual Summary

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.

20030214 097




REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 074-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining
the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for
reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of

Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503

1. AGENCY USE ONLY (Leave blank) | 2. REPORT DATE
August 2002

3. REPORT TYPE AND DATES COVERED
Annual Summary (1 Aug 01 - 31 Jul 02)

4. TITLE AND SUBTITLE

Regulation of Cdc42/Rac Signaling in the
Establishment of Cell Polarity and Control of

Cell Motility

5. FUNDING NUMBERS
DAMD17-01-1-0231

6. AUTHOR(S)
Javier E. Irazoqui
Daniel J. Lew

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

Duke University Medical Center
Durham, North Carolina 27710

E-Mail:jei@duke.edu

8. PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESSI(ES)

U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT

12b. DISTRIBUTION CODE

Approved for Public Release; Distribution Unlimited

13. Abstract (Maximum 200 Words) (abstract should contain no proprietary or confidential information)

Since the inception of this project, a number of reports have highlighted different new and exciting aspects of
the molecular biology of Bem1p, the scaffold protein in the yeast complex similar to the mammalian PIX
complex. These include the discovery that the PX domain is a nove! phosphoinositide binding domain, and the
structure and characterization of the Cdc24p-interacting PB1 domain. These reports provided new insights into
the molecular features of Bem1p. As a result, it became more urgent to explore previously unforeseen aspects
of Bem1p function in the context of cell polarization. In this report | describe a series of very productive studies
aimed at increasing our understanding of the actual molecular mechanism of the establishment of cell polarity.
We demonstrate that the cytoskeleton (both actin and microtubules) is dispensable for the establishment of cell
polarization, a surprising result that has broad implications for other cell types. Furthermore, we show that
Bem1p is essential for polarity establishment in the absence of cortical cues. Capitalizing on our previous
discoveries and work by others, we show that the SH3-2, PX, and PB1 domains are essential for this role. We
also have preliminary evidence that Pl binding may play a significant role in polarity establishment.

14. SUBJECT TERMS

15. NUMBER OF PAGES

polarity, actin, Cdc42, Rac, Beml, scaffold, SH3, PX, PBl, PAK, breast 26
cancer .

17. SECURITY CLASSIFICATION
OF REPORT
Unclassified

18. SECURITY CLASSIFICATION
OF THIS PAGE
Unclassified

19. SECURITY CLASSIFICATION
OF ABSTRACT

16. PRICE CODE

20. LIMITATION OF ABSTRACT

Unclassified Unlimited

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-18
298-102




BCRP DAMD17-01-1-0231

Cover

SF 298

Introduction

Results and Discussion

Key Research Accomplishments

Reportable Outcomes

References

Appendices

Table of Contents

Javier E. Irazoqui

10

12




BCRP DAMD17-01-1-0231 Javier E. Irazoqui

BCRP Predoctoral Traineeship Report 2002.

Introduction.

We use the budding yeast Saccharomyces cerevisiae as an excellent model system to study
actin cytoskeleton control, in particular the establishment of cell polarity, which is essential to
understand cell motility and metastasis. In yeast, we have identified the existence of a
multiprotein complex that is essential for the establishment of cell polarity, and which
comprises exquisitely conserved proteins such as the GTPase Cdc42p, its exchange factor and
activator Cdc24p (homologous to proto-oncogenes such as Dbl and Vav), its downstream
effector Cla4p (homologous to p21-activated kinases, or PAKs), and the scaffold protein Bem1p
(with regions of homology to many mammalian protein scaffolds). This protein complex,
referred to here as the Bem1p multiprotein complex (BMC), is particularly interesting from the
point of view of functional equivalents in mammalian cells. We realized that the PIX multiprotein
complex described in the reports (Feng et al., 2002; Manser et al., 1998), containing Racl, PIX
and PAK, was analogous to the Bem1p-Cdc24p-Cdc42p-Cla4p complex in yeast (Bose et al,,
2001; Gulli et al., 2000). We therefore hypothesized that by studying the latter complex in yeast
we may be able to learn valuable lessons to guide a more directed study of the role of the PIX
complex in mammalian cell motility.

Since the inception of this project, a number of reports have highlighted different new and
exciting aspects of the molecular biology of Bem1p, the scaffold protein in the yeast complex.
These include the discovery that the PX domain is a novel phosphoinositide (Pl)-binding domain
(Ago et al., 2001; Ellson et al., 2002; Ellson et al., 2001; Lu et al., 2002; Sato et al., 2001;
Wishart et al., 2001; Xu et al., 2001; Yu and Lemmon, 2001), and the solution structure and
characterization of the Cdc24p-interacting PB1 domain (lto et al., 2001; Ponting et al., 2002;
Terasawa et al.,, 2001). These reports provided new insights into the molecular features of
Bem1p. As a result, it became more urgent to explore previously unforeseen aspects of Bemlp
function in the context of cell polarization. In this report | describe a series of very productive
studies aimed at understanding the actual molecular mechanism of the establishment of cell
polarity. We demonstrate that the cytoskeleton (both actin and microtubules) is dispensable for
the establishment of cell polarization, a surprising result that has broad implications for other
cell types. Furthermore, we show that Bemlp is essential for polarity establishment in the
absence of cortical cues. Capitalizing on our previous discoveries and work by others, we show
that the SH3-2, PX, and PB1 domains are essential for this role. We also have preliminary
evidence that Pl binding may play a significant role in polarity establishment.

The studies reported here have enhanced our pursuit of Specific Aim #1 in the grant
proposal: to characterize the role and regulation of the BMC. They provide a clear picture of the
importance and role of the BMC in polarity establishment. The experiments proposed in the
original proposal are complementary to these studies, and will be executed as a natural next
step in our exploration of the role of this critical complex in polarity establishment and
maintenance.
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Experimental Results and Discussion.

Yeast cells divide following a well-defined spatial budding pattern (Pruyne and Bretscher,
2000). This budding pattern, different for diploid and haploid cells, requires a RAS-like GTPase,
Rsr1p (Figure 1A). Rsrlp binds to GTP in a reaction catalyzed by its exchange factor BudSp
(Bender, 1993). In its GTP form, Rsr1p binds to Cdc24p, the exchange factor for Cdc42p (Park
et al., 1997; Park et al., 2002). In this way, it is thought that Rsr1p recruits Cdc24p to the pre-
bud site, which in turn leads to the generation of GTP-Cdc42p at that location on the cortex.
This pool of GTP-Cdc42p is polarized, and leads to the polarization of actin. This polarized
actin participates in polarized secretion, and bud emergence occurs.

If Rsrip is responsible for recruiting Cdc24p to the cortex as the initial step in cell
polarization, it would follow that in the absence of Rsr1p the cell would be unable to recruit
Cdc24p, generate polarized GTP-Cdc42p, and make a bud. In other words, rsr7A cells should
be inviable.

In fact, rsriA cells are perfectly viable, and have no discernible phenotype other than the
loss of the spatial budding pattern both in haploids and diploids (Ruggieri et al., 1992). Rsr1p
appears to be important for regulating the spatial position of the bud site, but not its actual
establishment and formation. The necessary conclusion is that Rsrlp is not essential for
polarity and budding per se.

This left us with the question, ‘How are Cdc24p and Cdc42p polarized in the absence of the
cortical cues provided by the Rsr1p-dependent signaling module?” We hypothesized that the
cytoskeleton, composed of actin filaments and microtubules, could in theory act as a Cdc42p-
recruiting structure. The cytoskeleton establishes contacts with the cell cortex, and it was
possible that in the absence of Rsrlp these sites acted as sites for Cdc24p or Cdc42p
polarization by an unknown mechanism. To test this hypothesis | synchronized rsriA bud8A
cells in G1 by elutriation (so they were unbudded and depolarized), as shown in Figure 1B. The
cells were released into media containing the actin-depolymerizing drug Latrunculin A and the
microtubule-depolymerizing drug Nocodazole, or DMSO as a control. This way, the cytoskeletal
structures in these cells were eliminated, and after different times samples were taken and
processed for anti-Cdc42p indirect immunofluorescence, to measure polarization. Surprisingly,
the cells polarized equally well in the drug-containing medium and the DMSO-containing
control (Figure 1C). In parallel, a wild type strain exhibited the same behavior. From this
experiment, we concluded that the cytoskeleton is not required for the establishment of cell
polarity in the absence of bud site selection.

Next, we decided to take a genetic approach to identify factors that may be involved in the
establishment of cell polarity in the absence of Rsrip. We hypothesized that there may be a
second pathway for polarity establishment when Rsr1p is not able to recruit Cdc24p. When
RSR1 is deleted, this pathway may become essential for polarity establishment. As a prediction,
we would expect a mutation that inactivates this second pathway to cause lethality when
combined with an rsr7A mutation, in other words, those two mutations should exhibit synthetic
lethality.

In an attempt to identify factors involved in the second polarity establishment pathway, |
evaluated genetic interactions between rsr7A and mutations in genes involved in polarity. The

-5-
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method used to create these mutants was to delete one copy of the BEM7 ORF in a homozygous
diploid strain deleted for RSR1, BUD5 or BUDZ2. Next, the strain was induced to sporulate and
generate haploid cells bearing either one copy of wild-type BEM] or the deletion together with
the second-site deletion. None of the double mutants was viable, indicating that Bemlp is
essential when Rsr1p signaling is disrupted.

Of the panel of mutations tested, only one (bem/A), was synthetic lethal with rsr/A (Table
1). To confirm this result, the same test was performed with the regulators of Rsr1p, i.e. bud2A
and bud5A, which also were synthetic lethal with bem7A. These results pointed to Bem1p as an
important factor in the polarity establishment pathway. This is consistent with the severe
morphological defects, arising from severe problems in polarity establishment, of bem/A cells.

cdc42-1 cdcl2-6
cdc24-4 spali
bemIA msbIA
bem2h cla4
bem3A bnill

Table 1. Mutations tested in combination with rsr7A to evaluate synthetic interactions.

We hypothesized that, since the BMC has a major role in cell polarization, it may have an
essential role for the recruitment of Cdc24p and Cdc42p in the absence of Rsrip. In order to
test this hypothesis, | generated a series of conditional alleles of BEM] by random mutagenesis.
This was necessary because placing the BEM] ORF under control of the regulatable GALI1
promoter did not provide a shutoff phenotype that was tight enough to evaluate the final
phenotype, presumably owing to a prolonged half-life of the Bem1p polypeptide.

On the other hand, | was successful in generating a panel of temperature-sensitive alleles of
BEM]. The bem]-8 allele had a restrictive temperature of 39°C, at which rsriA bemIA cells
carrying the bem7-8 allele on an episomal plasmid were inviable (Figure 2A). At the permissive
temperature of 30°C, the cells were viable.

With these tools in hand, we decided to evaluate the terminal phenotype of these bem17 rsri
double mutants. The cells were grown in selective medium at the permissive temperature and
synchronized in G1 to isolate an unbudded, depolarized population (Figure 2B). Half these cells
were shifted to the restrictive temperature, keeping the other half at the permissive
temperature. The cells carrying the wild-type allele of BEM] were able to polarize Cdc42p at
both temperatures (Figure 2C). In contrast, the cells carrying the ts allele were unable to
polarize at the restrictive temperature. At the permissive temperature, they were able to
polarize with equal efficiency as the wild-type. This experiment suggests that the inability of
bem1 rsri double mutants to polarize Cdc42p is likely the reason for their inviability.

These data strongly suggest that Bemlp is required for the polarization of Cdc42p for
budding. In bem]A cells, Rsr1p is presumably able to recruit Cdc24p in such a way that polarity
still occurs; however, this is an inefficient mechanism and the cells have severe polarity defects.
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In an rsriA mutant, Bem1p is able to participate in the polarity mechanism, in spite of lacking
the Rsr1p input to govern the spatial pattern of polarization.

Given these data, we were interested in characterizing which domains in the Bem1p
structure are necessary for its role in polarization (Figure 3A). To test this, | generated a series
of point mutants by site-directed mutagenesis. These mutations are predicted (and in some
cases, have been shown) to disrupt the function of the SH3-2, PX and PB1 domains respectively
(Bravo et al., 2001; Ito et al., 2001; Lu et al., 2002; Matsui et al., 1996; Terasawa et al.,
2001).These mutant alleles were introduced into bem/A rsriA cells that were kept alive with an
URA3-marked episome carrying the wild-type BEM]. The mutant proteins were expressed at
approximately the same levels as wild type Bem1p driven from the same vector, as assayed by
western blotting (data not shown).

The cells were then forced to lose the URA3 plasmid by growth on media containing 5-FOA,
to assay the viability of cells carrying the different point mutant alleles of bem/7. We observed
that P208L, which disrupts SH3-2, R316A, which disrupts PX, and K482A, which disrupts PB1,
all caused the loss of viability of bem7 rsri double mutants (Figure 3B). These results suggest
that some ligand of the SH3-2 domain is required for the function of Bem1p. Known ligands
include the Boilp and Boi2p proteins (of unknown function) and the PAKs Ste20p (involved in
mating pheromone signaling) and Cla4p (involved in morphogenesis, septin assembly,
cytokinesis and cell polarity). Cladp is a component of the BMC, which we characterized in a
previous publication (Bose et al., 2001). Thus, we propose that PAKs may have a critical role in
polarity establishment as part of the BMC. This is consistent with our finding that Cdc24p is a
substrate for the kinase activity of Cla4p when present in the BMC. Other relevant substrates of
Cla4p remain to be identified.

These results also suggest that some ligand of the PX domain may be important for polarity
establishment. PX domains are known to bind to Pl lipids and to SH3 domains. P355A is
predicted to disrupt SH3 domain binding, and R369A is predicted to disrupt Pl lipid binding. To
our surprise, P355A was viable and R369A inviable in our test, indicating that SH3 domain
binding is dispensable for polarity establishment but Pl binding may be essential.

Finally, the results also indicate that binding to Cdc24p through the PB1 domain is essential
for polarity establishment, thus suggesting that the integrity of the BMC is a critical
requirement for polarity establishment in the absence of bud site selection.

We decided to reproduce previous reports of Bemlp binding to Pl lipids. We expressed
Bemlp as a recombinant protein fusion with the myc tag at the N-terminus in £ co/j, and
incubate PIP strips with the resultant protein extracts. Bem1p did indeed bind to PI(3)P as
previously reported (Figure 3C). However, it appeared to bind equally well to PI(5)P and, perhaps
with higher affinity, to PI(3,5)P.. We concluded from this experiment that previous reports of
Bem1p binding to PI(3)P were correct, though incomplete, and that the list of lipid binding
partners should be enlarged to include PI(5)P and PI(3,5)P.. We are currently working on
generating the Bem1pR36% mutant protein to test our prediction that it may lack lipid binding
activity.
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Conclusions.

Based on the results presented above, we propose that the components of the BMC become
polarized at the end of G1 phase in the cell cycle by a symmetry breaking mechanism. This
mode! proposes the existence of local stochastic fluctuations in the assembly of subpopulations
of BMCs, over the entire cortex of the cell (Figure 4A). When CDK/G1 cyclins start signaling at
the end of G1, these local fluctuations become amplified by biochemical feedback loops and a
single site on the cortex prevails on all others. In wild type cells, this process is aided by Rsr1p
signaling, which effectively recruits the symmetry breaking mechanism to the right spot
according to the budding pattern. In rsr/A cells, the process occurs at random on the cell
cortex.

Data presented in the accompanying paper show that within the BMC there is a biochemical
feedback loop (Figure 4B). Here, we show that Bem1p, a protein scaffold, is essential to the
symmetry breaking mechanism (Figure 4C). Three domains in Bemlp are necessary for this
function, the SH3-2, PX and PB1 domains.
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Key research accomplishments:

Publication showing the existence of multiprotein complexes containing Cdc42p, Cdc24p,
Bem1p and Cla4p.

Demonstration of direct phosphorylation of Cdc24p by Cla4p (see attached publication).
Demonstration of synthetic lethality between bemiA and rsrip, as well as its regulators,
bud5A and bud2A.

Isolation of a panel of bem /s mutations.

Demonstration that the death phenotype of rsriA bemIts double mutants is lack of polarity,
indicating an essential role for Bem1p in the establishment of cell polarity in the absence of
cortical markers.

Generation and evaluation of functionality of a panel of single point mutants in Bem1p that
affect residues that are extremely conserved throughout evolution, demonstrating a role in
polarity establishment for the critical SH3-2, PX and PB1 domains.

Demonstration of novel Bem1p lipid-binding properties.

Reportable outcomes:

Publication of results in the Journal of Biological Chemistry (see attached article).

Publication of results as a poster at the 2000 American Association for Cell Biology Meeting
in San Francisco, California.

Publication of results as a poster at the 2002 Yeast Genetics and Molecular Biology Meeting
in Madison, Wisconsin.

Presentation of abstract for poster/oral presentation at the 2002 American Association for
Cell Biology Meeting in San Francisco, California.
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Figure 1. A. Schematic representation of the commonly held view of the series of events that lead to bud
emergence in budding yeast. B. Schematic of the protocol followed to evaluate the role of the
cytoskeleton in Cdc42p polarization in the absence of bud site selection. C. The rsr1A bud8A double
mutants polarized Cdc42p in the presence of latrunculin and nocodazole as well as the wild type control.
Approx. 45% polarized in both cases. LAT-A, latrunculin A. NOC, nocodazole.
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Figure 2. Bem1p is required for polarization in the absence of bud site selection. A. bem1-8, bem1-11
and bem1-24 are temperature-sensitive alleles of BEM1. rsr1A bem1A cells carrying the different alleles
of BEM1 on a CEN plasmid were plated on -LEU medium to select for the plasmid, and incubated at the
permissive temperature of 30°C and the restrictive temperature of 39°C. B. Schematic diagram of the
protocol followed to evaluate the terminal phenotype of bem1 rsr1 double mutants. C. Cells carrying
the ts allele of BEM1 were unable to polarize Cdc42p at the restrictive temperature. Squares, wild type
BEM1.Diamonds, bem1-8. Open symbols, 30°C.Filled symbols, 39°C.
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A. Domain structure of Bem1p. Indicated with asterisks are the point mutations created to evaluate
domain function. B. Spot assays showing the domain requirements for viability of rsr7 bem1 double
mutant cells. Cells deleted for both RSR7 and BEM1, and kept viable with a URA3-marked plasmid, were
transformed with LEU2- marked plasmids bearing the different point mutant forms of BEM1.They were
grown in -LEU liquid medium until log phase, diluted serially to plate known amounts of cells in each
dot, and grown on different media for 3 days to evaluate viability. YEPD, rich medium. -LEU, medium
lacking leucine. 5-FOA, medium to select for loss of the URA3 plasmid bearing the wild type allele of
BEM1. C. Bem1p binds to PI(3)P, PI(5)P and PI(3,5)P,. As positive control, the PH domain from human
FRAPP1 was known to bind PI(4)P and PI(5)P. As a negative control, Cdc24p did not bind to any lipid in
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In budding yeast cells, the cytoskeletal polarization
and depolarization events that shape the bud are trig-
gered at specific times during the cell cycle by the cyclin-
dependent kinase Cdc28p. Polarity establishment also
requires the small GTPase Cdc42p and its exchange fac-
tor, Cdc24p, but the mechanism whereby Cdc28p in-
duces Cdc42p-dependent polarization is unknown. Here
we show that Cdc24p becomes phosphorylated in a cell
cycle-dependent manner, triggered by Cdc28p. How-
ever, the role of Cde28p is indirect, and the phosphoryl-
ation appears to be catalyzed by the p2l-activated ki-
nase family member Cladp and also depends on Cdc42p
and the scaffold protein Bemlp. Expression of GTP-
Cdc42p, the product of Cdc24p-mediated GDP/GTP ex-
change, stimulated Cdc24p phosphorylation independ-
ent of cell cycle cues, raising the possibility that the
phosphorylation is part of a feedback regulatory path-
way. Bemlp binds directly to Cdc24p, to Cladp, and to
GTP-bound Cdc42p and can mediate complex formation
between these proteins in vitro. We suggest that Bemlp
acts to concentrate polarity establishment proteins at a
discrete site, facilitating polarization and promoting
Cdc24p phosphorylation at specific times during the cell
cycle.

The regulated reorganization of the actin cytoskeleton is a
crucial element in the cell division cycle of proliferating cells
and in the determination of cell shape and cell motility of
nonproliferating cells. In recent years, it has become apparent
that many signaling pathways that trigger actin reorganiza-
tions involve small GTPases of the Rho family (1). This family
includes about 20% of the known Ras-related G proteins and
can be subdivided into Rho, Rac, and Cdc42 subfamilies.
CDC42 was first identified as a gene required for the establish-
ment of cell polarity in Saccharomyces cerevisiae (2), and sub-
sequent studies showed that Cdc42p is also a key regulator of
cell shape in a variety of other eukaryotes (1, 3-5). A prominent
role of Cde42p in all cases appears to be the polarization of cells
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toward a variety of signals (e.g. polarization of haploid yeast
toward mating partners (6), of T cells toward antigen-present-
ing cells (7), or of fibroblasts toward wound sites (8)). Human
and yeast CDC42 are 80% identical and functionally inter-
changeable, suggesting that key functions of Cdc42p have been
highly conserved (9, 10).

S. cerevisiae cells grow by budding, a process in which the
rigid cell wall is locally expanded as a result of polarized
secretion. Vectorial secretion involves delivery of secretory ves-
icles along polarized actin cables (11), which in turn are reor-
ganized several times during the cell cycle (12), relocating
growth zones to form a properly shaped bud. The actin reorga-
nizations are triggered sequentially by changes in the activity
of the cyclin-dependent kinase Cdc28p (13), which together
with several cyclins acts as the master regulator of cell cycle
progression in yeast (14). Bud emergence is a tightly controlled
process that normally occurs at specific sites dictated by posi-
tional markers that are inherited by newborn cells (15, 16).
After a period of uniform growth during G;, activation of
Cdc28p by G, cyclins triggers a dramatic polarization of many
proteins as well as cytoskeletal elements toward the cortical
site demarcated by the positional markers. Thus, a temporal
signal (Cdc28p) allows a pre-existing cellular asymmetry (the
positional markers) to be translated into a more general cy-
toskeletal asymmetry.

The isolation by Hartwell and co-workers (17) and Pringle
and co-workers (2,18) of temperature-sensitive mutants that
could not initiate bud formation at the restrictive temperature
led to the identification of Cdc42p, along with Cdc24p and
Bemlp, as critical regulators of cell polarization. Like most Ras
superfamily members, Cdc42p exhibits slow intrinsic rates of
GTP hydrolysis and GDP/GTP exchange that are accelerated
by GTPase-activating proteins and GDP/GTP exchange factors,
respectively. Cdc24p is a GDP/GTP exchange factor for Cdc42p
(19), and the similarity between the phenotypes of cdc24 and
cde42 mutants suggests that Cdc24p is both responsible for and
dedicated to the GTP loading of Cdc42p. Bemlp is a putative
scaffold protein containing two SH3 domains, and bemIA mu-
tants exhibit a less severe loss of cell polarity than cde42 or
cdc24 mutants, so that cells can proliferate (albeit poorly) in its
absence (18, 20). Three putative GTPase-activating proteins for
Cdc42p have also been identified, Bem3p, Rgalp, and Rga2p
(21, 22) (see Saccharomyces genome data base for Rga2p), but
their role in cell polarity remains unclear.

During early G,, Cdc42p is distributed throughout the
plasma membrane (and possibly internal membranes), but fol-
lowing Cdc28p activation a significant fraction of the Cdc42p in
the cell is localized to a small patch of plasma membrane where

This paper is available on line at http://www.jbc.org
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TABLE I

Yeast strains used in this study

All strains are in the BF264-15Du (71) background (adel his2 leu2-3, 112 trpl-1 ura3Ans) unless indicated otherwise.
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Strain Relevant genotype
DLY1 a barl
DLY5 a/a
DLY104 ala cdc28—4/cdc28—4
DLY222 a barl clnl eln2 cln3 GALIp-CLN3::TRP1
DLY681 ala cded2-1/cde42-1
DLY2727 ala leu2::GALIp-CDC42967L/Y40C.L EU2 ] leu2
DLY2728 ala leu2::GAL1p-CDC42P57Y::LEU2/leu2
DLY2752° a barl HA-CDC24::URA3 GAL1p-CDC42%5'L::.LEU2
DLY2767* a/a HA-CDC24::URA3 MYC-CLA4::LEU2
DLY2768* a barl HA-CDC24::URA3 MYC-CLA4::LEU2 GAL1p-FLAG-CDC42::TRP1
DLY2769* a barl HA-CDC24::URA3 MYC-CLA4::LEU2 GAL1p-FLAG-CDC42°°'L;:TRP1
DLY2770° a barl HA-CDC24::URA3 MYC-CLA4::LEU2 GALIp-FLAG-CDC42°%"Y:TRP1
DLY2771° a barl HA-CDC24::URA3 GAL1p-FLAG-CDC42::TRP1
DLY2772* a barl HA-CDC24::URA3 GAL Ip-FLAG-CDC429¢'L::TRP1
DLY2773% a barl HA-CDC24::URA3 GALI1p-FLAG-CDC42P°"::TRP1
DLY2781 a barl bem1::URA3::BEM1::TRP1 GALIp-CDC429¢';.LEU2
DLY2782 a barl bem1::URA3::bem1-CA35::TRP1 GAL1p-CDC42°¢'L::.LEU2
DLY2825 a barl cla4:TRP1 GALIp-CDC429¢':;.LEU2
DLY2826 a barl ste20::TRP1 GALIp-CDC429¢'~:.LEU2
DLY2827 a bem1::URA3 GAL1p-CDC429¢°L;.LEU2
DLY2844 a barl bem1::URA3::bem1-A142-199::TRP1 GAL1p-CDC429¢'L:;.LEU2
DLY3003 a barl GAL-CDC429¢'L.LEU2
DLY3004 ala cdc28—4/cdc28-4 GAL1p-CDC4296'L::LEU2/ leu2
DLY3006 ala GAL1p-CDC4296'L::LEU2 /leu2
DLY4000* a barl BEM1-MYC:HIS3
DLY4246° a barl HA-CDC24::URA3
DLY4248° a barl HA-CDC24::URA3 BEM1-MYC::HIS3
DLY4294° a barl BEM1-MYC::HIS3 GAL1p-CDC42::LEU2
DLY4298* a barl HA-CDC24::URA3 BEM1-MYC::HIS3 GAL1p-CLB1A152::LEU2
DLY4299° a barl HA-CDC24::URA3 BEM1-MYC::HIS3 GAL1p-CDC42::LEU2
DLY4300* a barl HA-CDC24::URA3 BEM1-MYC::HIS3 GALIp-CDC42%¢':.LEU2
DLY4301° a barl HA-CDC24::URA3 BEM1-MYC:HIS3 GALI1p-CDC42P%7Y::.LEU2
DLY4308* a barl HA-CDC24::URA3 BEM1-MYC::HIS3 GALIp-SWE1::LEU2
DLY4554 a barl GAL1p-FLAG-CDC42::TRP1
DLY4556 a barl GAL1p-FLAG-CDC42%¢'%::TRP1
DLY4738 a barl HA-CLA4::LEU2
DLY4739 a barl MYC-CLA4::LEU2
DLY4741° a barl BEM1-MYC::HIS3 HA-CLA4::.LEU2
DLY4781¢ a barl BEM1-MYC::HIS3 GAL1p-FLAG-CDC42::TRP1
JMY1-12 a barl adel his3 leu2-3,112 trpI1-1 ura3Ans
Y147 acde244

@ Indicated strains are in the JMY1~12 background, made by backcrossing kis3 and HIS2 into BF264-15Du at least five times.

b Gift from J. Pringle (72).

the bud will form, together with Cdc24p and Bemlp (23-25).
Cdc42p then appears to recruit a number of effectors to that
site, promoting polarization of the actin cytoskeleton, assembly
of a ring of septins, and targeting of secretion toward that site
(see Refs. 24 and 26 for reviews). These observations suggested
that Cdc28p promotes cell polarity through modulation of
Cdc42p and its regulators. To elucidate these events, we un-
dertook an analysis of the regulation of Cdc24p through the cell
cycle. We found that Cdc24p underwent a cell cycle-dependent
phosphorylation that appeared to occur in complexes contain-
ing Bem1p, GTP-Cdc42p, and the p21-activated kinase (PAK)!
Cladp.

EXPERIMENTAL PROCEDURES

Yeast Media and Cell Synchrony—Yeast media (YEPD-rich medium,
synthetic complete medium (SC) lacking specific nutrients, and sporu-
lation medium) have been described previously (27). YEPG and YEPS
are as YEPD but with 2% galactose or sucrose instead of dextrose.
Centrifugal elutriation to isolate early G, cells (13) and G, cyclin
deprivation arrest/release (28) were performed as described previously.

Strains, Plasmids, and PCR Manipulations—Standard media and
methods were used for plasmid manipulations (29) and yeast genetic

1The abbreviations used are; PAK, p2l-activated kinase; PCR, po-
lymerase chain reaction; kb, kilobase pair; HA, hemagglutinin; PBS,
phosphate-buffered saline; GST, glutathione S-transferase; PIPES, 1,4-
piperazinediethanesulfonic acid; PAGE, polyacrylamide gel
electrophoresis.

manipulations (27). The S. cerevisiae strains used in this study are
listed in Table I, and the plasmids are listed in Table II.

For expression of wild-type or GTP-locked mutant Cdc42p in yeast,
GAL1p-CDC42 and GAL1p-CDC42%'L constructs (30) (kind gift of D.
Johnson) were cloned from pRS315 into pRS305 (31), yielding pDLB377
and pDLB378, and digested at the unique BstEIl site to target integra-
tion at LEU2. An identical strategy was used to express the GDP-locked
(or nucleotide-free) CDC42P%7¥ allele (7)? using pMOSB29 and to ex-
press the double mutant CDC42Y#0C/@61L (32) allele using pMOSB61.

Various plasmids containing BEM 1 sequences were derived from the
two-hybrid plasmid pDLB1010, which contains a BEM1 PCR product
amplified from yeast genomic DNA by PCR using MapPairs oligonu-
cleotides for YBR200w (Research Genetics, Inc., Huntsville, AL) fol-
lowed by a second PCR using oligonucleotides BD70F and BD70R (33),
allowing gap repair into pOBD.CYH.

To create the BEM1Myc::HIS3 allele, a 0.3-kb fragment encoding the
last 100 residues of the BEM1 open reading frame was amplified by
PCR using pDLB1010 as template and the oligonucleotides 5'-
GCTCTAGACGATACAGCAACCTTTGCAACAGC-3' (Xbal site under-
lined) and 5'-GCGCGTCGACAATATCGTGAACGGAAATTTTCAG-3’
(Sall site underlined). This PCR product was digested with Xbal and
Sall and inserted into Xbal/Sall-digested pRS306-GAL:SWEI1Myc (34),
thus replacing the entire SWEI open reading frame and upstream
sequences with the C-terminal BEM1 fragment, fusing the end of
BEM(1 with the 12 Myc tags in the plasmid, followed by the 3'-untrans-
lated region of SWE1. The Xbal/BamHI fragment containing BEM1,
Myc, and 8’-untranslated sequences was then cloned into the corre-

2 Gladfelter, A. S. Moskow, J. J. Zyla, T. R., and Lew, D. J. (2001) Mol.
Biol. Cell, in press
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TasLE 11
Plasmids used in this study

Plasmid name Vector Insert Source or ref.
pBB130ACK CLA4 37
pCR42-3/5 CDC42 32
pDLB377 pRS305 GAL1p-CDC42 This study
pDLB378 pRS305 GAL1p-CDC42961L This study
pDLB678 2 pm BEM1 Alan Bender
URA3
pDLB722 2 pm CLA4 Erfei Bi
URA3
pDLB1004 pRS303 BEM1 C-term-myc This study
pDLB1010 pOBD.CYH BEM1 This study
pDLB1033 pUNI10 CDC42 This study
pDLB1034 pUNI10 CDC42951L Footnote 2
pDLB1035 pUNI10 CDC42P57Y Footnote 2
pDLB1189 pUNI10 BEM1 This study
pDLB1190 pUNI10 bem1-NA234 This study
pDLB1191 pUNI10 CDC24 This study
pDLB1193 pHB2-GST GST-BEM1 This study
pDLB1234 pHB1-myc3 myc-CDC42P57% Footnote 2
pDLB1238 pHB1-myc3 mye-CDC429572 Footnote 2
pDLB1309 pHB2-GST GST-CDC429¢L Footnote 2
pDLB1311 pHB2-GST GST-CDC42P7Y Footnote 2
pDLB1325 pUNI10 bem1-NA140 This study
pDLB1473 Ylplac204 GALIp This study
pDLB1485 pDLB1473 GAL1p-FLAG-CDC42 This study
pDLB1486 pDLB1473 GAL1p-FLAG-CDC42%61L This study
pDLB1487 pDLB1473 GAL1p-FLAG-CDC42757Y This study
pDLB1531 YIpLacl28 CDC42p-HA This study
pDLB1535 YIpLacl28 CDC42p-myc This study
pDLB1569 pUNI10 CLA4 This study
pDLB1576 pUNI10 bem1-CA35 This study
pDLB1627 pHY186 CDC42p-HA-CDC24 This study
pDLB1748 pDLB1531 CDC42p-HA-CLA4 This study
pDLB1749 pDLB1535 CDC42p-myc-CLA4 This study
pDLB1861 pHB1-myc3 CLA4 CRIB Footnote 2
pDLB1862 Yiplac204 BEM1 This study
pDLB1863 Ylplac204 bem1-CA35 This study
pDLB1881 Ylplac204 bem1-A142-199 This study
pEG-CDC24 pEG-KT CDC24 24
pHB1-myc3 36
pHB2-GST 36
pHY171 pRS304 GALIp-FLAG-LoxP This study
pHY186 pRS306 CDC42p-HA-LoxP This study
pMOSB29 pRS305 GALIp-CDC42P57Y This study
pOBD.CYH Becky Drees
pRS303 31
pRS305 31
pUNI-10 36
YIpLacl28 35
YIpLac204 35

sponding sites of pRS303 (31), yielding pDLB1004. Digestion at the
unique Styl site within the BEM1 sequence was used to target integra-
tion at the BEM1 locus, appending 12 Myc epitopes to the full-length
Bemlp. BEMIMyc::HIS3 cells were similar to wild-type cells in terms of
growth rate, cell morphology, and actin organization, indicating that
Bem1p-Mye is fully functional.

For N-terminal epitope tagging of Cladp, we first constructed the
vectors pDLB1531 (HA tag) and pDLB1535 (Myc tag). These vectors
have a Ylplacl28 (35) backbone, a 336-base pair CDC42 promoter
fragment from pCR42-3/5 (32), a start codon with a good Kozak con-
sensus sequence, 12 tandem Myc or HA epitope tags, and Ncol-, Ndel-,
and Sacl-cloning sites (detailed map available on request). A 540-base
pair fragment encoding the Cladp N-terminal 180 residues was ampli-
fied by PCR using yeast genomic DNA as template and the oligonucleo-
tides 5'-CCGGCCATGGAAATGTCTCTTTCAGCTGCAGCG-3' (Ncol
site underlined) and 5-AAAGAGCTCCCTTAGCAAAAATGGCG-3'
(Sacl site underlined). This fragment was digested with Ncol and Sacl
and cloned into the corresponding sites of pDLB1531 and pDLB1535,
generating pDLB1748 and pDLB1749, respectively. These plasmids
were digested at the unique Spel site within the CLA4-coding se-
quences to target integration at the CLA4 locus, thereby generating a
CDC42 promoter-driven N-terminally tagged full-length CLA4.

For expression of other epitope-tagged genes and gene fragments in
yeast or bacteria, we first cloned the relevant genes into the “univector”
pUNI-10 (36). CDC24 was excised from plasmid pEGKT-CDC24 (24) as

a 2.6-kb BamHI-Sall fragment with the BamHI site filled in with
Klenow DNA polymerase and was cloned into pUNI-10 digested with
Ndel and Sall (with the Ndel site filled in with Klenow DNA polymer-
ase), yielding pDLB1191. CLA4 was excised from plasmid pBB130ACK
(87) as a 2-kb EcoRV fragment and cloned into pUNI-10 digested with
Ndel and EcoRV (with the Ndel site blunted with mung bean nuclease),
yielding pDLB1569. This lacks the N-terminal 10 amino acids of CLA4.
BEM1 was excised from plasmid pDLB1010 as a 1.7-kb EcoRI-Smal
fragment with the EcoRI site filled in with Klenow DNA polymerase
and was cloned into pUNI-10 digested with Ndel and filled in with
Klenow DNA polymerase, yielding pDLB1189. pDLB1325 (bemlI-
NA140) contains C-terminal sequences starting at the BamHI site of
BEM]1 cloned into pUNI-10 (this construct lacks the N-terminal 140
residues, including the first SH3 domain). pDLB1190 (bemI-NA234)
contains C-terminal sequences starting at the Hpal site of BEM1 cloned
in pUNI-10 (this construct lacks the N-terminal 234 residues, encom-
passing the first and second SH3 domains). pDLB1576 (bem1-CA35)
contains N-terminal sequences extending to the Dral site of BEM1
cloned in pUNI-10 (this construct lacks the C-terminal 35 residues,
encompassing the Cdc24p-binding domain). All constructs were se-
quenced to confirm in-frame fusion with vector sequences and absence
of additional mutations resulting from PCR manipulations.

For expression of HA-tagged Cdc24p in yeast, pDLB1191 was recom-
bined with the host vector pHY186 in vitro with Cre recombinase (36).
This vector was generated by first cloning the CDC42 promoter (from
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pCR42-3/5 (32)) into pRS306 (31) and then cloning sequences encoding
three tandem HA tags and the lox recombinase target site (from pTag-
lox (36)) downstream of the promoter (detailed map available on re-
quest). The recombined plasmid, pDLB1627, was digested at the unique
Swal site within the CDC24 sequence to target integration at the
CDC24 locus.

For expression of FLAG-tagged Cdc42p in yeast, univector plasmids
pDLB1033 (wild type), pDLB1034 (Q61L), and pDLB1035 (D57Y) (32)*
were recombined with the host vector pHY171 in vitro with Cre recom-
binase (36). pHY171 was generated by first cloning the GALI promoter
into pRS304 (31) and then cloning sequences encoding the FLAG tag
and the lox recombinase target site (from pTag-lox (36)) downstream of
the promoter (detailed map available on request). The recombined
plasmids were then digested with Ndel, and the vector band was gel-
purified and religated to remove the lox sequences between the FLAG
tag and the beginning of CDC42. The FLAG-CDC42 sequences were
then excised with Neol and Sacl and cloned into the corresponding sites
in pDLB1473. This vector has a YIplac204 (35) backbone, a GALI
promoter, a start codon with a good Kozak consensus sequence, and
NeoI- and Sacl-cloning sites (detailed map available on request). The
resulting plasmids, pDLB1485 (wild type), pDLB1486 (Q61L), and
pDLB1487 (D57Y) were digested at the unique BstXI site within the
TRPI1 sequence to target integration at the TRPI locus.

For expression of recombinant proteins in bacteria, univector clones
were recombined with either pHB1-Myc3 (36) (directing synthesis of
proteins with three Myc tags fused to the N terminus) or pHB2-GST
(directing synthesis of proteins with glutathione S-transferase (GST)
fused to the N terminus). The recombined plasmids are listed in Table
1.

To create the bem1-CA35 allele, a 1.6-kb Sacl/Xhol fragment from
pDLB1576 (with the Sacl site filled in with T4 DNA polymerase) was
cloned into EcoRVSall-digested YIplac204 (35) (with the EcoRI site
filled in with Klenow DNA polymerase), yielding pDLB1863. This con-
tains Bem1p-coding sequences from the start codon to the Dral site (35
residues from the C terminus) cloned into the YIplac204 polylinker.
Digestion at the unique Kpnl site near the N terminus of BEM1 was
used to target integration at the bem1::URA3 locus (the disrupted allele
retains N-terminal BEM1 sequences (20), so homologous recombination
generates a bemI-CA35 allele driven from its own promoter at its
normal chromosomal location and an adjacent promoterless
bem1::URAS3 allele).

To create the bem1-A142-199 allele, a 1.7-kb Neol/Xhol fragment
from pDLB1189 (with the Ncol site filled in with T4 DNA polymerase)
was first cloned into EcoRl/Sall-digested Ylplac204 (35) (with the
EcoRI site filled in with T4 DNA polymerase), yielding pDLB1862. This
contains the full Bem1lp open reading frame. The second SH3 domain
was then deleted by digesting with BamHI and Sall, filling in with
Klenow DNA polymerase, and religating the vector to yield an in-frame
fusion lacking residues 142-199 of Bemlp, which was confirmed by
sequencing and designated pDLB1881. This plasmid (and also
pDLB1862, containing the full-length BEM1I, to control for possible
effects of the targeted integration strategy) was then digested with
Kpnl to target integration at bem1::URA3 as described for bemI-CA35
above.

Yeast Lysates, Protein Analysis, and Phosphatase Treatment—Yeast
cells were harvested by centrifugation, and cell pellets were stored
frozen at —80 °C. Pellets were resuspended in Nonidet P-40 lysis buffer
(50 mM Tris-HCI, pH 7.5, 150 mm NaCl, 5 mm EDTA, 1% (or 0.1% when
indicated) Nonidet P-40, 1 mM sodium pyrophosphate, 1 mM phenyl-
methylsulfonyl fluoride, 1 mM sodium orthovanadate, and 2 ug/ml each
of pepstatin A (Sigma) and leupeptin (Roche Molecular Biochemicals)),
and the cells were lysed by vortexing with acid-washed glass beads.
Lysates were clarified by centrifugation for 10 min at 14,000 rpm in an
eppendorf centrifuge at 4 °C, and protein concentration was determined
by the Bradford method (Bio-Rad).

For electrophoresis and immunoblotting, 20 pg of lysate protein per
gel lane were mixed with hot (95 °C) 2x sample loading buffer (final
concentrations, 62.5 mum Tris-HCI, pH 6.8, 1% SDS, 25% glycerol, 355
mM B-mercaptoethanol, 0.01% bromphenol blue) and incubated at 95 °C
for 5 min and separated by SDS-PAGE. Proteins were then transferred
to nitrocellulose membranes (Schleicher & Schuell) that were blocked
with 5% nonfat dry milk in phosphate-buffered saline (PBS) containing
0.1% Tween 20 (PBS/Tween) and incubated for 1 h at 4 °C with primary
antibodies against Cdc24p (rabbit polyclonal anti-Cde24p antibody
kindly supplied by E. Bi and J. Pringle, used at 1:2000 dilution), c-Mye
(mouse monoclonal anti-Myc 9E10 antibody, Santa Cruz Biotechnology,
Santa Cruz, CA, used at 1:1000 dilution), or hemagglutinin (mouse
monoclonal anti-HA 12CA5 antibody, Roche Molecular Biochemicals,
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used at 1:5000 dilution) in PBS/Tween containing 1% BSA. Following
three washes with PBS/Tween, blots were incubated for 1-2 h at 4 °C
with horseradish peroxidase-conjugated secondary antibodies (goat an-
ti-mouse IgG used at a 1:2500 dilution and goat anti-rabbit IgG used at
1:5000 dilution) from Jackson ImmunoResearch Laboratories, West
Grove, PA. After three more washes, blots were developed with Renais-
sance Western blot Chemiluminescence Reagent Plus (PerkinElmer
Life Sciences).

For immunoprecipitation, 0.5-1 mg of lysate protein was incubated
for 1 h with 1 pul of the relevant antibody and then for a further 1 h with
30 ul of a 50% slurry of protein A-Sepharose (Sigma) at 4 °C with gentle
rocking. Bead-bound proteins were washed four times with Nonidet
P-40 lysis buffer prior to analysis by immunoblotting as described
above. For phosphatase treatment, washed HA-Cdc24p immunoprecipi-
tates were resuspended in 120 ul of phosphatase buffer (40 mm PIPES,
pH 6.0,, 50 mM NaCl, 1 mu dithiothreitol, 5 mM phenylmethylsulfonyl
fluoride, and 10 ug/ml each of pepstatin A and leupeptin) and split into
3 equal aliquots. One set was used as a no-treatment control, one set
received 2 ul (0.1 units) of potato acid phosphatase (Sigma), and one set
received phosphatase together with the phosphatase inhibitors sodium
fluoride (50 mM final concentration) and sodium orthovanadate (10 mm
final concentration). Following 30 min at 30 °C, the beads were washed
with Nonidet P-40 lysis buffer prior to analysis by immunoblotting as
described above.

Production of Recombinant Proteins, Binding Assays, and Phospho-
rylation in Vitro—GST fusion proteins were expressed in the protease-
deficient Escherichia coli BL21, and Myc-tagged proteins were ex-
pressed in E. coli BL21(DE3) (Stratagene). Extracts were prepared in
bacterial lysis buffer (750 mM sucrose, 100 mm NaCl, 100 mum Tris-Cl,
pH 8.0, 5 mM EDTA) containing 7.5 ug/ml aprotinin, 5 ug/ml pepstatin
A, 10 ug/ml leupeptin, and 0.5 mM phenylmethylsulfonyl fluoride. Cells
were treated with 2 mg/ml lysozyme (Sigma) for 20 min on ice and lysed
by incubation with 2 mg/m] deoxycholic acid for 20 min at 4 °C. DNA
was digested by addition of MgCl, to 15 mm and DNase I (Sigma) to 50
pg/ml and insoluble material was removed by centrifugation at 14,000
rpm at 4 °C for 10 min, GST fusion proteins were purified using gluta-
thione-Sepharose 4B (Amersham Pharmacia Biotech) as specified by
the manufacturer.

Binding assays were performed by incubating the bacterial extracts
containing Myc-tagged proteins with the GST fusion proteins immobi-
lized on glutathione beads in 200 ul of binding buffer (10 mMm Tris-Cl,
pH 7.5, 85 mM NaCl, 6 mm MgCl,, 10% glycerol) at 4 °C for 1 h. Binding
reactions were washed four times with 500 ul of binding buffer. Bead-
bound proteins were resolved by SDS-PAGE and immunoblotted as
described above. To confirm equal loading, the amount of GST fusion
proteins in each lane was visualized by staining the membrane with
india ink (38).

For analysis of Cdc24p phosphorylation in vitro, the indicated com-
plexes were washed three times with 1 ml of Nonidet P-40 lysis buffer
and once with 1 ml of reaction buffer (20 mm Tris, pH 7.5, 7.5 mM
MgCl,) and incubated in 10 pl of reaction mix (20 mm Tris, pH 7.5, 7.5
mM MgCl,, 10 uM ATP, and 10 pCi of 3000 Ci/mmol [y-*?P]ATP
(PerkinElmer Life Sciences)) for 30 min at 30 °C. The reaction was
stopped by addition of 10 ul of 2X SDS sample buffer and incubation at
95 °C for 5 min; proteins were resolved by SDS-PAGE, and 32P incor-
poration was visualized by autoradiography.

Analysis of Cell Viability—For spot assays to monitor colony forma-
tion, cell cultures were grown at 20 °C to stationary phase in dextrose
medium lacking uracil (to select for plasmid maintenance) and supple-
mented with 1 M sorbitol to preserve cell viability. Cell number was
determined using a hemocytometer, and diluted stocks were generated
to spot 5 ul containing ~1250, ~250, ~50, and ~10 cells onto the
indicated plates, and plates were incubated at the indicated tempera-
ture for 34 days.

RESULTS

Cell Cycle-regulated Phosphorylation of Cdc24p—To investi-
gate the potential for regulation of Cdc24p through the cell
cycle, we first monitored Cdc24p abundance and modification
in synchronized cells. Synchronous cell cultures were obtained
by a G, cyclin deprivation/restoration protocol (28) (Fig. 14) or
by centrifugal elutriation (Fig. 1C), and Cdc24p was detected
using a polyclonal anti-Cdc24p antibody (see “Experimental
Procedures” for details). Western blot analysis revealed that
Cdc24p abundance varied little during the cell cycle but that a
subpopulation of cellular Cdc24p migrated with slower mobil-
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Fic. 1. Cell eycle and Cdc42p-dependent phosphorylation of
Cdc24p. A, Cdc24p is modified to slower mobility species as cells
progress through the cell cycle. Haploid cinl cin2 cin3 GALIp-CLN3
(DLY222) cells were arrested in G, by incubation in YEPS (noninducing
for the GAL1I promoter) for 5 h and then stimulated to re-enter the cell
cycle by addition of galactose (2% final concentration). Samples were
taken at the indicated times following galactose addition for quantita-
tion of bud formation and for Western blot analysis of Cdc24p. B, the
Cdc24p mobility shift is due to phosphorylation. HA-tagged Cdc24p was
immunoprecipitated from a lysate of yeast strain DLY4246, and sepa-
rate aliquots were treated with potato acid phosphatase with or without
phosphatase inhibitors as indicated, after which the Cdc24p species
were resolved and detected as described under “Experimental Proce-
dures.” C, Cdc42p is required for Cdc24p phosphorylation. Wild-type
(DLY5) and cdc42-1(DLY681) diploid G, cells were isolated by centrif-
ugal elutriation and inoculated into YEPD at 38.5 °C to inactivate
Cdc42-1p. Samples were taken at 30-min intervals for quantitation of
bud formation and for Western blot analysis of Cdc24p. Note that the
degree of synchrony attainable by this procedure is not as great as with
the arrest-release protocol of A, so that the decrease in budding index
and Cdc24p phosphorylation between the first and second cycles is not
as evident.

cded2-1

ity during SDS-PAGE, and the relative abundance of modified
and unmodified forms changed as cells progressed through the
cell cycle (Fig. 1, A and C). Immunoprecipitation and phospha-
tase treatment of HA-tagged Cdc24p showed that the slower
migrating forms arose as a result of phosphorylation (Fig. 1B).
Cdc24p phosphorylation was low in early G, cells isolated by
centrifugal elutriation (Fig. 1C) and remained low in cells
arrested by G, cyclin deprivation (Fig. 1A), suggesting that
phosphorylation requires G, cyclin-Cdc28p activity. Following
G, cyclin restoration, Cdc24p phosphorylation increased con-
comitant with bud formation (Fig. 14, 1 h) and subsequently
decreased at around the time of cytokinesis (Fig. 14, 2 h). Thus,
Cdc24p undergoes Cde28p-dependent phosphorylation during
the cell cycle.

Recent studies have shown that Cdc24p is sequestered
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F1G. 2. Role of GTP-Cdc42p, Cla4p, and Bemlp in Cdc24p phos-
phorylation. A, GTP-Cdc42p stimulates Cde24p hypermodlﬁcatlon in
a manner dependent on the effector domain. Strains expressing the
indicated alleles of CDC42 (control, DLY5; CDC429'%, DLY3006;
CDC42P57%, DLY2728; CDC42%61%/ yaoc DLY2727) under control of the
GALI promoter were grown in YEPS to exponential phase, and galac-
tose was added (2% final concentration) at ¢ = 0 to induce Cdc42p
expression. Samples were taken at 1-h intervals for Western blot anal-
ysis of Cdc24p. B, the GTP-Cdc42p-induced hypermodification is phos-
phorylation. HA-Cdc24p isolated from cells of strain DLY2752 induced
to overexpress CDC42957% as above was analyzed exactly as described
in Fig. 1B. C, GTP-Cdc42p stimulates Cdc24p hyperphosphorylation
independent of Cdc28p function. cdc28-4 (DLY104) or cdc28-4 GAL1p-
CDC42%9 (DI,Y3004) strains were grown in YEPS at 23 °C to expo-
nential phase, and G, cells were isolated by centrifugal elutriation,
resuspended in YEPG to induce Cdc42p expression, and shifted to 37 °C
to inactivate Cdc28p. Samples were collected and processed as above. D,
Cdc24p hyperphosphorylation requires Cladp but not Ste20p. Strains
(top, DLY3003; cladA, DLY2825; ste20A, DLY2826) expressing
CDC49¢'L ynder control of the GALI promoter were treated and pro-
cessed as in A above. E, Cdc24p hyperphosphorylation requires Bem1p.
Strains (top, DLY3003; bem 1A, DLY2827) expressing CDC4296? under
control of the GALI promoter were treated and processed as above.

within the nucleus of haploid (but not of diploid) cells during G,
phase, as a stratagem that presumably contributes to readi-
ness for mating (39—-41). This finding raised the possibility that
the regulated phosphorylation of Cdc24p was linked to its
nuclear sequestration. However, we observed similar cell cycle-
dependent phosphorylation of Cdc24p in both haploid (e.g. Fig.
1A) and diploid (e.g. Fig. 1C) cells, suggesting that the regu-
lated phosphorylation is unconnected to the haploid-specific
nuclear accumulation of Cdc24p.

In contrast to wild-type cells, no detectable Cdc24p phospho-
rylation occurred in the cdc42-1 cells progressing through the
cell cycle, indicating that Cdc42p is required for Cdc24p phos-
phorylation (Fig. 1C). This requirement could be explained in
two very different ways. First, GTP-bound Cdc42p might be
required, via some effector, to promote Cdc24p phosphoryla-
tion. Alternatively, GDP-bound Cdc42p, the substrate of
Cdc24p, might be required; in this model an upstream Cdc24p-
directed kinase (Cdc28p?) might specifically recognize a
Cdc24p-Cded2p complex. To distinguish between these possi-
bilities, we overproduced mutants of CDC42 locked in the GTP-
bound (Cdc42p®®'L) or GDP-bound (Cdc42pP57Y (7)) forms us-
ing the GALI promoter. As shown in Fig. 24, Cdc42p<6L
expression induced massive hyperphosphorylation of Cdc24p,
as judged by the mobility shift upon analysis by SDS-PAGE
(phosphatase treatment revealed that this enhanced mobility
shift was also due to phosphorylation; see Fig. 2B). In contrast,
Cdc42p°7Y did not induce Cdc24p phosphorylation. Expres-
sion of Cdc42p®®'L promoted Cdc24p phosphorylation even in
cdc28-4 mutants arrested in G, at the restrictive temperature
(Fig. 2C), suggesting that Cdc28p is not required for
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Cdc42p96iL to trigger Cdc24p phosphorylation. Thus, Cde28p
stimulates Cdc24p phosphorylation in a manner that requires
Cdc42p, whereas GTP-Cdcd2p stimulates Cdc24p phosphoryl-
ation independent of Cdc28p.

Requirement for Cladp and BemIp in Cdc24p Phosphoryla-
tion—The finding that Cdc42p9®' (presumably mimicking
GTP-Cdc42p) specifically stimulated Cdc24p phosphorylation
suggested that one or more Cdc42p effectors might be involved.
In the course of other studies concerning downstream actions of
Cdc42p, we had generated a panel of mutants containing al-
terations in the Cdc42p “effector loop.”? In particular, mutation
of Tyr-40 to Cys created a version of Cdc42p largely unable to
bind the Cdc42/Rac-interactive binding motif (42) common to
several effectors (43). As shown in Fig. 24, when the Y40C
mutation was introduced into Cdc42p<®' (generating
Cdc42p@B1/Y40C)  expression of this protein was no longer ef-
fective in promoting Cdc24p hyperphosphorylation. This sug-
gested that one or more of the Cdc42/Rac-interactive binding
domain effectors might be involved. In S. cerevisiae, this group
consists of three p21l-activated kinases (PAKs: Cla4p, Ste20p,
and Skm1p) and two related proteins with no known catalytic
activity (Giclp and Gic2p) (43). We found that Cladp was re-
quired for a majority of the Cdc24p phosphorylation, whereas
Ste20p was not (Fig. 2D). However, we consistently observed
some residual Cdc24p phosphorylation in cla4A mutants (Fig.
2D); given the previously described functional redundancy be-
tween Cladp and Ste20p (44, 45), this may indicate that both
kinases can contribute to Cdc24p phosphorylation, with Cla4p
playing the major role. As Cladp is a GTP-Cdc42p-activated
protein kinase (37), the simplest (although by no means the
only) hypothesis consistent with our data would be that GTP-
Cdc42p stimulates Cladp to phosphorylate Cdc24p directly.

The BEM1 gene was discovered through its genetic interac-
tions with other polarity establishment genes (18). Bemlp is
thought to be a scaffold protein and contains two SH3 domains
as well as a C-terminal region that promotes direct binding to
Cdc24p (20, 46). In vitro, the Bem1p-Cdc24p interaction does
not seem to affect Cdc24p activity (47), and the functional role
of this interaction remains unclear. We speculated that per-
haps Bem1p binding might render Cdc24p susceptible to GTP-
Cdc42p-induced phosphorylation. Indeed, bemIA mutants
showed no detectable Cdc24p phosphorylation (as judged by
mobility on SDS-PAGE), and expression of Cdc42p?6*¥ in cells
lacking Bem1p failed to induce Cdc24p hyperphosphorylation
(Fig. 2E). Thus, Bem1p is also important for the normal phos-
phorylation of Cdc24p.

Interactions among BemI1p, Cdc42p, Cladp, and Cdc24p in
Yeast Lysates—Bem1p is present in heterogeneous large com-
plexes in yeast cell lysates, as judged by sucrose density gra-
dient centrifugation (48). Multiple interactions have been re-
ported (through a variety of methods) between Bemlp and
other proteins, including Cdc24p (46), Boilp and Boi2p (49, 50),
Ste20p and Ste5p (48), Farlp and Cde42p (51), and actin (48).
These findings suggested that Bemlp may be present in a
variety of complexes within yeast cells, and we were particu-
larly intrigued by the possibility that the proteins required for
Cdc24p phosphorylation (Bemlp, Cladp, and GTP-Cdc42p)
might form a complex together with Cdc24p in yeast. To test
this hypothesis, we expressed functional epitope-tagged pro-
teins in yeast and examined whether pairwise associations
could be detected by coimmunoprecipitation (see “Experimen-
tal Procedures” for details). Indeed, pairwise associations be-
tween these proteins were readily detectable, suggesting that
these interactions occur in yeast cells (Fig. 3). Specifically, we
found that Myc-tagged Bemlp associated with FLAG-tagged
Cdc42p (Fig. 3A), with HA-tagged Cladp (Fig. 3B), and with
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Fic. 3. Coimmunoprecipitation of Cdc24p, Bemlp, and Cla4p
from yeast lysates. Cell growth, lysate preparation, immunoprecipi-
tation, and Western blotting procedures were as described under “Ex-
perimental Procedures.” 4, Cdc42p-Bem1lp complexes. Anti-FLAG im-
munoprecipitates from lysates of cells expressing FLAG-Cdcd2p
(DLY4554), Bem1p-Myc (DLY4000), or both (DLY4781) were analyzed
by Western blotting with the indicated antibodies. B, Cladp-Bemlp
complexes. Anti-HA immunoprecipitates from lysates of cells express-
ing HA-Cladp (DLY4738), Bem1p-Myc (DLY4000), or both (DLY4741)
were analyzed by Western blotting with the indicated antibodies. C,
Bem1p-Cdc24p complexes. Anti-Myc immunoprecipitates from lysates
of cells expressing Bem1p-Myc (DLY4000), HA-Cdc24p (DLY4246), or
both (DLY4248) were analyzed by Western blotting with the indicated
antibodies. D, Cladp-Cdc24p complexes. Anti-Myc immunoprecipitates
from lysates of cells expressing Myc-Cladp (DLY4739), HA-Cdc24p
(DLY4246), or both (DLY2767) were analyzed by Western blotting with
the indicated antibodies. E, Cdc42p-Cdc24p complexes. Anti-FLAG im-
munoprecipitates from lysates of cells expressing HA-Cdc24p
(DLY4246), FLAG-Cdc42p®°'- (DLY4556), or HA-Cdc24p together with
FLAG-Cdc42p (DLY2771), FLAG-Cdc42p®¢'" (DLY2772), or FLAG-
Cdc42pP%"Y (DLY2773) were analyzed by Western blotting with the
indicated antibodies. F, complex formation between Cdc24p and either
Cladp or Bemlp is unaffected by overexpression of GTP- or GDP-
Cdc42p. Anti-Myc immunoprecipitates from lysates of cells expressing
HA-Cdc24p and Myc-Cladp (Ist three lanes) or HA-Cdc24p and Bem1p-
Myec (last three lanes) were analyzed by Western blotting with the
indicated antibodies. Lysates were prepared from cells overexpressing
wild-type Cdc42p, Cdc42pR®L, or Cdc42pPS™Y as indicated. Immunopre-
cipitates from 750 ug of lysate were processed in parallel and analyzed
on a single gel, which was probed first with anti-HA antibody, stripped,
and reprobed with anti-Myc antibody. Strains (in same order as lanes)
are DLY2768, DLY2769, DLY2770, DLY4299, DLY4300, and DLY4301.
G, Bem1p-Cdc24p complex formation is unaffected by Cdc24p phospho-
rylation or cell cycle polarity cues. Cells expressing HA-Cdc24p and
Bemlp-Myc (panel 1, DLY4248) and overexpressing either Cdc42p2©'™
(panel 2, DLY4300), Cdc42p™57 (panel 3, DLY4301), Swelp (panel 4,
DLY4308), or Clb1pA152 (panel 5, DLY4298) were lysed, and 20 pg of
total lysate was loaded next to anti-Myc immunoprecipitate from 500
g of starting lysate to compare the relative amount of Bem1p-Cdc24p
complex in each case. The same blots were probed first with anti-HA
antibody, stripped, and reprobed with anti-Myc antibody.

HA-tagged Cdc24p (Fig. 3C). In addition, HA-tagged Cdc24p
associated with Myc-tagged Cladp (Fig. 3D) and with FLAG-
tagged Cdc42p (Fig. 3E). An association between Cdc24p and
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GDP-Cdc42p is expected because GDP-Cdc42p is the substrate
for Cdc24p, but surprisingly we observed a stronger association
of Cde24p with the GTP-locked mutant, Cdc42p96*L, than with
wild-type Cdc42p or the GDP-locked mutant, Cded2p5™ (Fig.
3E), suggesting that some other factor mediates interaction of
GTP-bound Cdc42p with Cdc24p (see below). These results
extend previous findings by identifying novel interactions
(Bem1p-Cladp, Cdc24p-Cladp, and GTP-Cdc42p-Cdc24p) and
are consistent with the existence of complexes containing
Cdc24p, Cladp, GTP-Cdc42p, and Bemlp in yeast.

As overexpression of Cde42p9¢** induces hyperphosphoryla-
tion of Cdc24p, we wondered whether it would also affect com-
plex formation between Cdc24p and either Cladp or Bemlp.
However, the amount of Cdc24p associated with these proteins
was unaffected regardless of whether wild-type, GTP-locked, or
GDP-locked Cdc42p was expressed in the cells (Fig. 3F). How-
ever, this side-by-side comparison using epitope-tagged pro-
teins (thereby evading possible antibody efficacy issues) unex-
pectedly revealed that Bemlp-Cdc24p complexes were
recovered with much greater efficiency from cell lysates than
were Cladp-Cdc24p complexes (Fig. 3F), suggesting that
Bemlp-Cdc24p complexes are more abundant than Cla4p-
Cdc24p complexes in vivo. To examine whether Bem1p-Cdc24p
complex formation was affected by Cdc24p phosphorylation, we
compared the Cdc24p in the total cell lysate with the pool that
was coimmunoprecipitated with Bem1p (after adjusting for the
Myc-Bem1p immunoprecipitation efficiency; see Fig. 3G). All
phospho-forms of Cdc24p were present in similar proportions
in the starting lysate and in the Bem1p complexes, even in cells
overexpressing Cdc42p9®'L where phosphorylated forms of
Cdc24p predominate (Fig. 3G, panel 2), suggesting that Cdc24p
phosphorylation does not affect Bem1p binding.

We also examined whether the abundance of Bem1p-Cdc24p
complexes was responsive to cell cycle cues causing polarized or
depolarized growth. During normal bud growth, Clb-Cdc28p
complexes trigger the apical-isotropic switch, causing a depo-
larization of growth within the bud (13). Inhibition of Clb-
Cdc28p complexes by the kinase Swelp (52) prevents this
switch and causes a G, arrest associated with highly polarized
growth, whereas expression of the stabilized Clb1pA152 (53)
induces the switch prematurely and causes a telophase arrest
associated with depolarized growth (13). Comparison of cells
overexpressing Swelp or Clb1pA152 did not reveal any change
in the amount of Cdc24p associated with Bemlp (Fig. 3G),
indicating that formation of these complexes is not tightly
correlated with growth polarity.

Direct Interaction between Bemlp and Both GTP-Cdc42p
and Cla4p—Previous studies found that two of the known
interactions, Bem1p-Cdc24p (46) and GTP-Cdc42p-Cladp (44),
occurred between recombinant, bacterially expressed proteins,
indicating direct binding. However, it was unclear whether the
GTP-Cdc42p-Bemlp interaction (which was previously re-
ported based on two-hybrid data (51) and which we detected by
coimmunoprecipitation) or the novel interactions reported
above are direct or mediated by bridging factors. To address
this question, we performed in vitro binding assays between
recombinant Bemlp, Cdc24p, Cladp, Cdc42p®'Y, and
Cdc42pP®7Y expressed in bacteria (see “Experimental Proce-
dures” for details). Myc-tagged Bemlp bound efficiently to
GST-Cdc42p'L, but not GST-Cded2pP*™, in vitro (Fig. 44).
In the converse experiment, Myc-tagged Cdc42p¥'t bound
efficiently to GST-Bem1p, whereas Myc-tagged Cdc42p”5" did
not (Fig. 4B). In addition, Myc-tagged Bemlp bound to GST-
Cladp (but not GST alone; see Fig. 4C), and Myc-tagged Cladp
bound to GST-Bem1p (but not GST alone; see Fig. 4D). Thus,
the GTP-Cdc42p-Bem1p and Cla4p-Bemlp interactions occur
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FiG. 4. Direct interaction of Bem1p with GTP-Cdc42p and with
Cla4p. Recombinant GST-tagged and Myc-tagged proteins were made
as described under “Experimental Procedures.” A, GST-Cdc42p®®'™
(GTP-bound form) or GST-Cdc42pP%"Y (GDP-bound form) was bound to
glutathione-Sepharose beads and incubated with bacterial lysates con-
taining Myc-Bem1p, after which the beads were washed and the bound
proteins analyzed by SDS-PAGE and Western blotting with anti-Myc
antibodies as described under “Experimental Procedures.” Top lanes
show 10% of the input Myc-Bem1p, and bottom lanes show Myc-Bemlp
bound to the beads. B, binding of Myc-Cdc42p to GST-Bemlp was
assayed as above. GTP and GDP indicate Cdc42p<®'L and Cde42pP5™,
respectively. C, binding of Myc-Bem1p to GST-Cladp or GST alone was
assayed as above. D, binding of Myc-Cla4p to GST-Bem1p or GST alone
was assayed as above. E, Bem1p domains required for interaction with
Cdc24p, Cladp, and Cdc42p. Bacterial lysates containing Myc-tagged
full-length Bemlp (FL), truncated Bem1p lacking the C-terminal 35
residues (CA35), truncated Bem1p lacking the N-terminal 140 residues
(INA140), or truncated Bemlp lacking the N-terminal 234 residues
(NA234) were indicated with the indicated beads. The top panel shows
a Western blot of the input lysates; the 2nd panel shows Myc-Bemlp
variants bound to either GST-Cdc24p (lanes 1, 3, 5, and 7) or GST alone
(lanes 2, 4, 6, and 8); the 3rd panel shows Myc-Bemlp variants bound
to either GST-Cladp (lanes 1, 3, 5, and 7) or GST alone (lanes 2, 4, 6, and
8); and the 4th panel shows Myc-Bemlp variants bound to either
GST-Cdc42p®'L (lanes 1, 3, 5, and 7) or GST-Cdc42p5™ (lanes 2, 4, 6,
and 8). F, the Bem1p C terminus and second SH3 domain are required
for GTP-Cdc42p-induced Cdc24p phosphorylation in yeast. Wild-type
(WT) (DLY3003), bem 1A (DLY2827), bem 1A with integrated full-length
BEM1 (DLY2781), bemIA with integrated bemI-AC35 (DLY2782), and
bem 1A with integrated bem1-A142-199 (DLY2844) strains were induced
to express Cdc42p*®'L by addition of galactose and processed to detect
Cdc24p as described for Fig. 24 above. G, summary of direct interac-
tions among this set of polarity establishment proteins.

in the absence of other proteins of eukaryotic origin, suggesting
that these interactions are direct. In contrast, we did not detect
interactions between recombinant Cdc24p and either Cladp or
GTP-Cdc42p (see below), suggesting that those interactions are
indirect. These findings are summarized in Fig. 4G.
Consistent with a previous report (46), we found that the
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Fic. 5. Phosphorylation of Cdc24p by Cladp-containing complexes in vitro. A, complex formation between recombinant Cdc24p, Bemlp,
Cladp, and GTP-Cdc42p. Bacterial lysates containing Myc-Cdcd2p96L (lanes 2, 5, 7, and 8), Myc-Bem1p (lanes 3, 5, 6, and 8), or Myc-Cladp (lanes
4, 6, 7, and 8) were incubated together with GST-Cdc24p bound to glutathione-Sepharose beads. Following repeated washes, bead-bound proteins
were resolved by SDS-PAGE and analyzed by Western blotting with anti-Myc antibody. Molecular mass markers (kDa) are shown on the left. B,
Western blots showing 10% of the input lysates containing the indicated Myc-tagged proteins (left 3 lanes) and 100% of the bead-bound complex
formed as described in (A). Molecular mass markers (kDa) are shown on the left. C, phosphorylation of Cde24p by Cladp. Bacterial lysates
containing Myc-Cladp and increasing amounts of Myc-Cde24p (0, 2.5, 5, 10, 20, 50, and 100 pl of bacterial lysate) were incubated together with
GST-Bemlp bound to glutathione-Sepharose beads. Following repeated washes, bead-bound proteins were either incubated together with
[y-32P]ATP in a standard kinase reaction (top) or resolved by SDS-PAGE and analyzed by Western blotting with anti-Myc antibody (bottom). D,
phosphorylation of Cdc24p in vitro is unaffected by Cde42p. Bacterial lysates containing Myc-Cded2p®®™ (lane ¢), Myc-Cde24p (lanes 1, 3, and 4),
or Myc-Cladp (lanes 2, 3, and 4) were incubated together with GST-Bem1p bound to glutathione-Sepharose beads. Following repeated washes,
bead-bound proteins were either incubated together with [y-*?P]ATP in a standard kinase reaction (top) or resolved by SDS-PAGE and analyzed

by Western blotting with anti-Myc antibody (bottom).

interaction between Bemlp and Cdc24p was abrogated upon
removal of the C-terminal 35 amino acids from Bemlp (Fig.
4E). In contrast, the interaction of Bemlp with Cladp was
largely unaffected by the C-terminal truncation, and the inter-
action of Bemlp with GTP-Cde42p was decreased but not abol-
ished (Fig. 4E). Removal of the N-terminal 140 amino acids
from Bemlp also decreased GTP-Cdc42p interaction but did
not affect binding to Cdc24p or Cladp, and removal of the
N-terminal 234 amino acids from Bemlp largely eliminated
binding to either Cladp or GTP-Cdc42p without affecting bind-
ing to Cdc24p (Fig. 4E). These results suggest that Bemlp
residues 140-234, encompassing the second SH3 domain, are
important for Cladp interaction, whereas the interaction of
Bemlp with GTP-Cde42p is more complex and is perturbed
upon truncation of either end of Bemlp. We then generated
yeast strains in which the sole copy of Bem1p lacked either the
C-terminal 35 residues or the second SH3 domain (residues
142-199). These strains did not exhibit detectable Cdc24p
phosphorylation, even upon Cde42p@6!L overexpression (Fig.
4F). This suggests that the interactions of Bem1p with Cdc24p,
Cladp, and Cdc42p are important for the normal phosphoryla-
tion of Cdc24p.

In Vitro Assembly of Cdc24p-BemlIp-Cladp-Cdc42p Com-
plexes and Phosphorylation of Cdc24p—The findings that the
proteins required for efficient Cdc24p phosphorylation in vivo
were able to interact with each other in vitro prompted us to
examine whether they could form hetero-oligomeric complexes
and whether Cladp could directly phosphorylate Cdc24p.
Whereas Bem1lp bound efficiently to GST-Cdc24p immobilized
on glutathione-Sepharose beads (Fig. 54, lane 3), neither Cladp
nor Cdc42p9®1™ bound to GST-Cdc24p, individually or in com-
bination (Fig. 54, lanes 2, 4, and 7). However, Bem1p was able

to recruit either Cladp, Cdcd2p<6'L, or both proteins into com-
plexes with GST-Cdc24p (Fig. 5A, lanes 5, 6, and 8). Control
experiments confirmed that none of these proteins bound de-
tectably to GST alone (Fig. 4 and data not shown). Thus,
Bemlp binds to Cde24p, Cladp, and Cdc42p directly and can
mediate the assembly of hetero-oligomeric complexes contain-
ing these proteins.

There is some ambiguity in the details of the architecture of
this complex, stemming from the potential for direct GTP-
Cdc42p-Cladp interactions (44) as well as direct interactions of
each of these proteins with Bem1p. In principle, GTP-Cdc42p
might be tethered to the complex via Cladp or vice versa.
However, recruitment of GTP-Cdc42p to the complex was un-
affected by the presence or absence of Cladp (Fig. 54, compare
lanes 5 and 8), and recruitment of Cladp to the complex was
unaffected by the presence or absence of GTP-Cdc42p (Fig. 54,
compare lanes 6 and 8). In addition, the stoichiometry of
Bem1p and Cdcd42pR®L in the complexes was ~1:1, as judged
by the anti-Myc signal (each protein was tagged with 3 Myc
epitopes at the N terminus), but Cladp was present at consid-
erably lower levels (Fig. 5B). This suggests that Bem1p recruit-
ment of GTP-Cdc42p is very efficient and does not require
Cla4p. We have been unable to obtain high level production of
bacterial Myc-Cla4p using our vectors, and comparison of the
levels of recombinant proteins in the GST-Cdc24p complex with
those in the starting lysates (Fig. 5B) showed that a similar
fraction of the starting material was bound in all cases (Bem1p,
Cladp, and Cdc42p®6'L), In aggregate, these findings suggest
that the complexes are assembled through direct pairwise in-
teractions between Bem1p and each of the other components.

Initial attempts to assess whether Cladp could directly phos-
phorylate GST-Cdc24p were complicated by the finding that
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FIG. 6. Suppression of cdc24-4 temperature sensitivity by over-
expressed BEM1 and CLA4. Strain Y147 (cdc24-4) was transformed
with 2-um plasmids containing either no insert (vector, YEplac195),
BEM!1 (pDLB678), or CLA4 (pDLB722). Cells were counted and spotted
onto YEPD plates at 24 °C (left) or dextrose-Ura plates at 30 °C (right).

24°C 30°C

Cladp efficiently phosphorylated the GST moiety (data not
shown). We therefore assembled complexes containing Myec-
tagged Cdc24p and Myc-tagged Cladp on GST-Bemlp-coated
beads (Fig. 5C). Incubation of these Cla4p-Bem1p-Cdc24p com-
plexes with [y->2P]ATP promoted 32P incorporation into the
Myc-Cdc24p but not into the Myc-Cladp (Fig. 5C). Cdc24p
phosphorylation was dependent on Cla4p (Fig. 5, C and D) and
was not stimulated by the further addition of Cdc42p®®*" (Fig.
5D, lanes 3 and 4). It is not clear whether this reflects a
physiological Bemlp-dependent activation pathway for Cladp
that does not require Cdc42p (as has been suggested for Schiz-
osaccharomyces pombe shkl (54)) or whether unphysiological
activation of Cladp occurs upon bacterial expression (perhaps
due to misfolding that relieves autoinhibition, as apparently
occurs for some mammalian PAKs).® A subset of the 3?P-la-
beled Cdc24p showed distinctly slower mobility on SDS-PAGE
(Fig. 5, C and D), suggesting that more than one site was
phosphorylated. Because all of these components were gener-
ated as recombinant proteins in bacteria, the observed phos-
phorylations cannot be due to contaminating kinases of eukary-
otic origin. We conclude that Cladp can directly phosphorylate
Cdc24p, in complexes assembled through interactions with
Bemlp.

Suppression of cdc24 by Overexpression of BemIp or Cladp—
Many genetic interactions have been reported between compo-
nents of the complex described above. In particular, synthetic
lethality was observed between cdc24 and bemI mutants (46),
between bem1 and cla4 (55), and between cdc42 and cla4 mu-
tants (44); in addition, high copy CDC42 plasmids partially
suppressed the temperature sensitivity of cdc24 mutants (56).
We found that high copy BEMI and CLA4 plasmids could also
partially suppress the temperature sensitivity of cdc24 mu-
tants (Fig. 6). These data are consistent with the hypothesis
that complex formation between Bemlp, Cladp, Cdc42p, and
Cdc24p helps to promote Cde24p function, at least in strains
with mutationally compromised Cdc24p.

DISCUSSION

Phosphorylation of Cdc24p—Cdc24p phosphorylation state
changes during cell cycle progression, with phosphorylated
forms largely absent during early G; and accumulating con-
comitant with bud formation. Cdc24p phosphorylation was
triggered by G, cyclin-Cdc28p activation, but the role of Cdc28p
is probably indirect, because Cdc24p phosphorylation in vivo
required other proteins (Cdc42p, Bemlp, and Cla4p) and could
be stimulated upon overexpression of GTP-Cdc42p even in the
absence of Cdc28p activity. These findings suggest that G,
cyclin-Cdc28p initiates a regulatory pathway that culminates
in Cdc24p phosphorylation by Cladp (and probably also to a
some extent by the related kinase Ste20p) during the cell cycle.
The stimulation of Cdc24p phosphorylation by GTP-Cdc42p
raises the possibility that the GTP-Cdc42p generated as a

3 Alan Hall, personal communication.
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result of Cdc24p-catalyzed GDP/GTP exchange can feed back to
regulate Cdc24p. :

While this manuscript was being prepared for submission,
another report was published (57) documenting Cdc24p phos-
phorylation and proposing that Cdc24p phosphorylation causes
dissociation of Cdc24p from Bemlp, cessation of GTP-Cdc42p
production, and depolarization of growth. This intriguing hy-
pothesis was supported by three lines of evidence, none of
which appear to be compatible with our data, as detailed below.
First, Gulli et al. (57) detected only the hypophosphorylated
form of Cdc24p in immune complexes with Bemlp, leading
them to conclude that Cdc24p phosphorylation causes its dis-
sociation from Bemlp. In contrast, we found that phosphoryl-
ated and unphosphorylated species of Cdc24p were proportion-
ately represented in Bemlp complexes (Fig. 3G). This
difference is likely due to technical aspects of the experiment;
we used Myc-tagged Bemlp and HA-tagged Cdc24p, whereas
they used GFP-Bemlp and untagged Cdc24p. Given the faint-
ness of even the hypophosphorylated Cdc24p signal observed
by Gulli et al. (57), their failure to detect phosphorylated spe-
cies in the immune complex may simply reflect insufficient
sensitivity (since each separate phospho-form would be present
at low abundance). Second, Gulli et al. (57) found that gross
overexpression of Cladp was toxic to cells and caused both
Cdc24p hyperphosphorylation and depolarized growth. This
toxicity was apparently more severe in cdc24 and cdc42 mu-
tants than in wild-type cells, leading the authors to conclude
that the observed depolarization was caused by Cdc24p phos-
phorylation. However, with the less extreme overexpression
attained by multicopy plasmids, we found that excess Cladp
was actually beneficial, both for cdc24 mutants (Fig. 6) and for
a variety of cdc42 mutants.? In any case, it is far from clear
whether these phenotypes are due to phosphorylation of
Cdc24p or of other Cladp targets. Third, Gulli et al. (57) re-
ported that cells expressing a catalytically inactive Cladp dis-
played reduced Cdc24p phosphorylation and hyperpolarized
bud growth, leading them to conclude that failure to phospho-
rylate Cdc24p leads to its continued association with Bemlp,
causing a defect in the apical-isotropic switch triggered by
Clb/Cdc28p. However, we found that overexpression of
ClblpA152, which is known to trigger effectively the depolar-
izing switch (18), did not alter the association of Cdc24p with
Bemlp (Fig. 3G). Furthermore, cla4 mutants display defects in
septin organization (44, 58), which in turn can trigger Swelp-
dependent cell cycle delays associated with hyperpolarized bud
growth (58, 59), suggesting a plausible alternative explanation
for the elongated buds they observed. In conclusion, the model
of Gulli et al. (57) rests on their interpretation of a correlation
between the effects of Cladp manipulation on Cdc24p phospho-
rylation and on cell polarity as a direct cause and effect rela-
tionship. Our data do not support this correlation and indeed
conflict directly with central tenets of the model. Distinguish-
ing the true role of Cdc24p phosphorylation in cell polarity will
require mapping of the phosphorylation sites and mutagenesis
to generate nonphosphorylatable Cdc24p variants.

A BemlIp-dependent Complex Containing Cdc24p, Cdc42p,
and Cla4p—We report that Bem1p binds directly to Cladp and
to GTP-Cdc42p as well as to Cdc24p and can mediate the
assembly of complexes containing each of these proteins in
vitro. This scaffold-mediated complex between an exchange
factor, its target G protein, and an effector of the G protein is
reminiscent of the complexes described for mitogen-activated
protein kinase cascades (60), in that three signaling proteins
thought to act sequentially in a linear pathway are physically
joined by a scaffold that binds each component individually. It
is commonly believed that one role of the scaffold proteins that
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link mitogen-activated protein kinase cascades is to “insulate”
distinct signaling cascades from cross-talk, thereby allowing
individual kinases to participate in several separate signaling
pathways (61). However, Bemlp-scaffolded complexes seem
unlikely to play an analogous role, because the scaffold appears
to be quite promiscuous in its interactions (48-50, 62) and may
bring together many different combinations of polarity pro-
teins. We found that Cladp was only present in a small propor-
tion of the Bem1p-Cdc24p complexes recovered from cell ly-
sates and that the second SH3 domain of Bemlp, previously
shown to mediate binding of Bem1lp to Boilp and Boi2p (49,
50), also mediated interaction with Cladp. These findings sug-
gest that Bemlp may participate in the formation of multiple
complexes, rather than insulating one particular complex from
the influence of other factors.

Our finding of a direct, GTP-dependent interaction between
Cdc42p and Bem1p indicates that Bem1p fulfills the biochem-
ical criteria for being a Cdc42p effector. Indeed, mutagenesis of
the Cdc42p effector loop showed that residues in that region
were critical for Bem1p interaction.? It seems possible, there-
fore, that GTP-Cdc42p may induce Bemlp to perform specific
downstream polarization functions. However, the interaction of
Bemlp with Cdc24p and Cladp suggests that Bem1p may act at
the same level as Cdc42p rather than (or perhaps in addition
to) acting downstream. Overexpression of either Bemlp or
Cladp (but not other Cdc42p effectors) was able to ameliorate a
variety of distinct phenotypic defects exhibited by a panel of
cdc42 effector-loop mutants (32),2 consistent with the hypoth-
esis that these proteins enhance all Cdc42p functions, possibly
by improving the localization, GTP loading, or signaling effi-
cacy of Cdc42p. )

Polarization of growth in yeast is associated with the con-
centration of Cdc42p and Cdc24p together with scaffold pro-
teins and effectors at a patch just beneath the plasma mem-
brane, toward which they direct cytoskeletal polarization and
hence membrane and cell wall expansion (11, 26). Intriguingly,
Cdc42p and/or Rac have been found to play roles in cytoskeletal
reorganization during chemotaxis (63, 64), T cell polarization
toward antigen-presenting cells (7), phagocytosis (65, 66), and
cell adhesion (67, 68), all of which involve the local clustering of
cell surface receptors, potentially promoting local concentra-
tion of GTP-Cdc42p. In one study, recruitment of GTP-Cdc42p
to the cell surface was ineffective in promoting cytoskeletal
reorganization unless the GTP-Cdc42p was concentrated in a
discrete patch by receptor clustering (69). Thus, many (if not
most) Cdcd42p functions may involve the local concentration of
GTP-Cdc42p and its partners at a discrete site. In many cases
this could be mediated by clustering of receptors or polarity
cues such as the bud site selection proteins in yeast. However,
yeast bud site selection mutants can still polarize (24), and we
suggest that clustering of scaffold proteins (including Bem1p)
into a patch at the internal face of the plasma membrane
provides a mechanism to achieve the local concentration of
polarity proteins even in the absence of polarity cues. In this
way, Bemlp may contribute to the creation of a local “landing
pad” with multiple binding sites for other polarity proteins,
helping to maintain productively high local concentrations of
these components. This hypothesis provides an attractive ra-
tionale for why Bemlp binds to so many polarity proteins
(including GTP-Cdc42p) directly, and for why overexpression of
Bemlp can enhance distinct functions of Cdc42p (including
roles in actin organization, septin organization, and phero-
mone-responsive signal transduction (32, 62).2

Conclusions—We have documented several novel interac-
tions among polarity establishment proteins in yeast. In com-
plexes assembled through the scaffold protein Bemlp, the ex-
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change factor Cdc24p was phosphorylated by the Cdc42p
effector Cladp. Although the function of this phosphorylation
remains to be determined, the fact that it is regulated during
the cell cycle suggests that either complex formation or the
activity of Cladp in the complex is responsive to cell cycle cues.
Further studies will be required to address the basis for regu-
lation of these proteins by the cell cycle machinery and its role
in establishment and modulation of cell polarity in yeast.

Intriguingly, a family of “Pix” proteins (70) have been de-
scribed in mammalian cells that possess domains homologous
to both Cdc24p (DH and PH domain) and Bem1p (SH3 domain).
These proteins also bind directly to the mammalian Cla4p
homologue, PAK, potentially generating a complex with archi-
tecture similar to the Cdc24p-Bem1p-Cladp complex described
here. It will be interesting to determine whether these con-
served structural features reflect conserved functional
strategies.
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